1. Introduction {#sec1}
===============

Heme, a complex of ferrous iron (Fe^2+^) and protoporphyrin IX (PpIX), is an essential molecule to all aerobic organisms. In mammals, heme synthesis is conducted by eight enzymes localized in the mitochondrion or cytosol. The key enzyme, 5-aminolevulinate synthase (ALAS), is the first and rate-limiting enzyme that mediates biosynthesis of 5-aminolevulinic acid (ALA) from glycine and succinyl CoA. Two isoforms of ALAS with distinct tissue distribution have been identified. ALAS1, also known as non-specific ALAS (ALAS-N), is ubiquitously expressed in both erythrocytes and non-erythrocytes while ALAS2 (also called as ALAS-E) is specifically expressed in erythroid cells[@bib1]. Notably, excessive heme or heme precursors is toxic to cells and tissues[@bib2]. Thus, the biosynthesis of heme is strictly controlled in non-erythrocytes by negative feedback mechanisms *via* ALAS1 repression by excessive heme through reduction of transcription and translation, destabilization of mRNA, inhibition of mitochondrial transport of precursor protein, and degradation[@bib3], [@bib4]. In erythroid cells, the regulation of ALAS2 is much different from that of ALAS1, as a huge amount of heme is needed for hemoglobin production[@bib5].

In tumor cells, the ability of heme biosynthesis seems to be higher than that in normal cells[@bib6], [@bib7]. Notably, heme precursor ALA has been in clinical use to produce the photosensitizer PpIX allowing for photodynamic therapy (PDT) for cancers[@bib8], [@bib9]. The antimalarial drugs, artemisinin (ART) and its derivatives (ARTs) have been reported to exhibit heme-dependent antitumor activity[@bib10], [@bib11], [@bib12], [@bib13], [@bib14]. The mechanism of antitumor action of ARTs is considered to be similar to that of their antimalarial action. That is, heme or none-heme Fe^2+^ triggers the cleavage of endoperoxide bridge of ARTs, producing carbon centered radicals that alkylate multiple proteins, lipids and DNA, leading to oxidative stress, apoptosis, ferroptosis, necrosis, arrest of cell cycle, and inhibition of angiogenesis[@bib15], [@bib16], [@bib17]. On the other hand, histone deacetylases inhibitors (HDACi) have been reported to promote erythroid differentiation with increased ALAS2 expression and heme synthesis[@bib18], [@bib19], [@bib20]. Nevertheless, the effect of HDACi on heme synthesis and homeostasis in non-erythrocytes is still unclear.

Combination therapy using two or more therapeutic agents, is progressively emerging as a cornerstone of cancer therapy. This approach exhibits enhanced efficacy[@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26] in an additive or synergistic manner, potentially also reducing drug resistance[@bib27] and adverse effects[@bib28], [@bib29]. In an earlier study, Zhang et al[@bib30]. found that HDACi facilitated dihydroartemisinin (DHA)-induced apoptosis in hepatocellular cancer cells, and proposed a mechanism involving altered ERK phosphorylation and MCL-1 expression. In this study, we verified a novel mechanism involving the synergistic modulation of heme synthesis by the combination of HDACi and ARTs to combat against solid tumors. We first confirmed the synergistic antitumor effect of artesunate (ARS) and pan-HDACi (SAHA and LBH589) as well as isoform specific HDACi (romidepsin) in several cancer cell lines. Then, the results of *in vivo* study showed that the combination treatment exhibited a greater anti-tumor effect on xenograft tumor in mice than the single-agent treatment group with no obvious toxicity. Mechanistic studies revealed that HDACi synergized with ARS to sustainably upregulate ALAS1 expression and thus promote heme synthesis, which in turn enhanced antitumor action of ARS. While this paper was under review, Lee et al[@bib31]. reported that hemin (oxidized version of heme with Fe^3+^) in combination with metformin could suppress tumor growth.

2. Materials and methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

ARS, succinyl acetone (SA), ALA, hemin, (dimethylamino)benzaldehyde (DMAB) and perchloric acid were bought from Sigma--Aldrich (St. Louis, MO, USA). SAHA, LBH589, romidepsin, CI994 and tubastatin A were purchased from Selleckchem (Houston, TX, USA). PpIX was obtained from Aladdin (Shanghai, China). A 50 mmol/L stock solution of ARS or SAHA dissolved in DMSO was prepared and stored at −20 °C and refreshed monthly. A 100 mol/L stock solution of LBH589 was prepared using DMSO and stored at −20 °C. Primary antibodies against ALAS1 (Cat\#ab154860), ALAD (Cat\#ab151697), HMBS (Cat\#ab129092), FECH (Cat\#ab137042) and ALAS2 (Cat\#ab184964) were purchased from Abcam (Cambridge, UK, USA).

2.2. Cell cultures and growth conditions {#sec2.2}
----------------------------------------

Huh-7, Hep3B, HCT116 and PANC-1 cells were purchased from the Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). All these cells were verified by STR analysis, provided by the Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences and reconfirmed by Guangzhou Cellcook Biotech Co., Ltd. (Guangzhou, China). Huh-7 and Hep3B cell were not contaminated by mycoplasma, provided by Guangzhou Cellcook Biotech Co., Ltd. (Guangzhou, China). Mycoplasma testing on HCT116 and PANC-1 cells were not performed, as cell morphology, *in vitro* growth properties and tumor formation in nude mice provide evidence of health. The Huh-7 cells and PANC-1 cells were maintained in DMEM medium, Hep3B cells were maintained in MEM medium, HCT116 cells were maintained in McCoy\'s 5A medium supplemented with 10% fetal bovine serum (FBS), 100 μg/mL penicillin and 100 U/mL streptomycin in a 5% CO~2~ humidified incubator at 37 °C.

2.3. Cell viability assays {#sec2.3}
--------------------------

Cells were seeded at about 3000 cells/well in 96-well plates within medium supplemented with 10% FBS for 24 h, and subsequently treated with compounds for 48 or 72 h as indicated. Cell viability were determined by MTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay or cell counting kit 8 (CCK-8) assay as previously described[@bib32], [@bib33].

2.4. Flow cytometry {#sec2.4}
-------------------

Apoptosis levels were analyzed after staining with annexin V and propidium iodide (PI) by flow cytometry (BD Accuri C6, BD Biosciences, Franklin Lakes, NJ, USA) as previously described[@bib32], [@bib33], [@bib34].

2.5. Construct ALAD knockout cells {#sec2.5}
----------------------------------

*ALAD* knockouts were generated using the CRISPR-Cas9 technology as described[@bib35], [@bib36]. Briefly, *ALAD* single guide RNA (sgRNA) was ligated into the lentiCRISPR V2 vector (Focus Bioscience Co., Ltd., Nanchang, China); sgRNA sequence: 5ʹ-AGCGGCTGGAAGAGATGCTG-3ʹ. LentiCRISPR-sgRNA-ALAD plasmid was co-transfected with pMD2.G and psPAX2 into HEK-293T cells for 48 h. The recombinant viruses were collected and added to Hep3B cells cultured with 8 μg/mL polybrene for 24 h. After puromycin selection, we performed single-cell cloning by seeding survival cells into 96-well plates at ratio of 0.6 cell per well. Individual clones were screened by Western blot for ALAD protein expression and further identify null alleles or frame-shift mutation by sequence of TA cloning.

2.6. Protein sample preparation and Western blot assay {#sec2.6}
------------------------------------------------------

After treated with the compounds for the indicated times, cells were lysed by RIPA buffer (150 mmol/L NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mmol/L Tris-HCl, pH 7.5) containing protease and phosphatase inhibitor cocktail (Merck Millipore, Billerica, MA, USA) with freshly added 1 mmol/L of PMSF. After centrifugation at 12,000 rpm (MicroCL 17R, Thermo Fisher Scientific, Waltham, MA, USA) at 4 °C for 20 min, supernatants were collected and equal amounts of protein were subjected to Western blot assay as described before[@bib37], [@bib38]. After being visualized using an electrochemiluminescence kit (Sudgen, China), luminescence was assessed by chemiluminescent imaging system (Tanon, Shanghai, China).

2.7. Real-time reverse transcription--PCR {#sec2.7}
-----------------------------------------

Total RNA from cultured tumor cells was extracted using TRIzol (Tiangen, Beijing, China) as previously described[@bib39], [@bib40]. 500 ng of total RNA of each sample were used for reverse transcription (Takara, Tokyo, Japan). Specific primer pairs for real-time PCR are as follows: *ALAS1*, GGC AGC ACA GAT GAA TCA GAG AG (for) and TTC AGC AAC CTC TTT CCT CAC GG (rev); *ALAD*, TTC CAC CCA CTA CTT CGG (for) and GCT ACC ACC TGA CAT CCT G (rev); *HMBS*, TGC AAC GGC GGA AGA AAA (for) and ACG AGG CTT TCA ATG TTG CC (rev); *ALAS2*, GCA GCA CTC AAC AGC AAG (for) and ACA GGA CGG CGA CAG AAA (rev) and *GAPDH*, CGG AGT CAA CGG ATT TGG TCG TAT (for) and AGC CTT CTC CAT GGT GGT GAA GAC (rev).

2.8. Whole cell heme measurement {#sec2.8}
--------------------------------

Tumor cells cultured in 10 cm dish and were treated with compounds for 14 h. After washed twice with PBS, cells were lysed in extraction solution (100 mmol/L NaCl, 2.5% Triton X-100, 50 mmol/L Tris-HCl, pH 7.5), mixed with vortex and centrifuged at 5000×*g* for 10 min. Equal volume of the supernatant were mixed with 1.5 mol/L oxalic acid and heated at 100 °C for 30 min to release iron from heme, generating fluorescent PpIX. After cooling, fluorescence was assessed by Enspire (PerkinElmer, Waltham, MA, USA) at Ex 405 nm/Em 600 nm and were normalized by protein content. Meanwhile, samples diluted with PBS, without heating were performed to determine the endogenous fluorescence. Standards made by hemin were used to quantify heme values in all the samples. Alternatively, cells cultured in 12-well plate were refreshed with serum free medium containing ALA or PpIX for another 4 h and then subjected to heme measurement same as above.

2.9. Transfections of siRNAs {#sec2.9}
----------------------------

Duplexes of siRNA were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The three siRNA sequences targeting human ALAS1 are as follows: si ALAS1\#1, ACA ACA GAG AUU UGC CUG CTT; si ALAS1\#2, AGG UAG UCA UUA CUG CAC CTT; si ALAS1\#3, ACG UAG AUG UUA UGU CUG CTT. siRNA sequence for negative control is UUC UCC GAA CGU GUC ACG UTT. Hep3B and Huh-7 cells cultured in 96-well plates or 12-well plates were transfected with a concentration of 30 nmol/L of siRNA duplexes using Lipofectamine™ RNAiMAX Reagent (Invitrogen, Carlsbad, CA, USA). Afterwards, the cells were performed as described in the figure legends.

2.10. ALA measurement {#sec2.10}
---------------------

Tumor cells cultured in 15 cm dish were washed with PBS and lysed in 1 mL of 1% Triton X-100 after treatment with compounds. After 15 min centrifuging at 12,000 rpm (MicroCL 17R, Thermo Fisher, Waltham, MA, USA) at 4 °C, 500 μL of the supernatant of each sample was mixed with equal volume of sodium acetate buffer (pH 4.6) and 100 μL of ethyl acetoacetate, and heated at 100 °C for 10 min. After cooling, 200 μL of ethyl acetate was added and mixed thoroughly, later layered by centrifuging at 12,000 rpm (MicroCL 17R, Thermo Fisher, Waltham, MA, USA) for 5 min. 100 μL of the upper layer was transferred to react with Ehrlich reagent and was determined colorimetrically at 553 nm. Ehrlic reagent was prepared as follows: 1 g of DMAB is dissolved in 30 mL of glacial acetic acid, then 5 mL of 70% perchloric acid are added, followed by 5 mL H~2~O and the solution is diluted to 50 mL with glacial acetic acid[@bib41]. This reagent should be used freshly since it is unstable.

2.11. Intracellular reactive oxygen species (ROS) detection {#sec2.11}
-----------------------------------------------------------

Huh-7 cells were seeded at 5 × 10^5^ cells/well in 6-well plates and allowed to adhere overnight, followed by treatment with ARS, SAHA, or the combination for 48 h. Then, cells were probed with DCFH (2.5 μmol/L) for 30 min in the dark. After being washed with PBS for at least three times, cells were trypsin digested and collected. Rinsed cells were transferred at about 3 × 10^4^ cells/well into black with clear bottom 96-well plates (Corning 3603, Corning, NY, USA) and ROS was measured by Enspire (PerkinElmer, Waltham, MA, USA) at Ex 488 nm/Em 525 nm and were normalized by protein content.

2.12. Subcutaneous xenograft model {#sec2.12}
----------------------------------

Female nude mice (5--6 weeks) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). A total of 5 × 10^6^ HCT116 and Hep3B cells were subcutaneously inoculated to nude mice. When the tumors reached a mean group size of about 100 mm^3^, mice were randomly divided into four groups receiving sodium carboxymethyl cellulose (CMCNa) as vehicle, ARS (50 mg/kg), SAHA (50 mg/kg), and combination (50 mg/kg ARS plus 50 mg/kg SAHA) daily by intragastric administration for 3 weeks. Tumor volume was calculated as (length × width[@bib2])/2.

2.13. Statistical analysis {#sec2.13}
--------------------------

Data are presented as mean ± SD. The statistical significance of the differences was assessed by unpaired Student\'s *t*-test.

3. Results {#sec3}
==========

3.1. Synergistic antitumor activity of ARS and HDAC inhibitors *in vitro* {#sec3.1}
-------------------------------------------------------------------------

We first examined the therapeutic potential of the combination of ARS and pan-HDACi, vorinostat (SAHA) on the cell viability of various human cancer cell lines, including hepatocellular cancer cells (Huh-7 and Hep3B), colorectal cancer cell (HCT116), non-small cell lung cancer (A549) and pancreatic cancer cell (PANC-1). As shown in [Fig. 1](#fig1){ref-type="fig"}A and Supporting Information [Fig. S1A](#appsec1){ref-type="sec"}, co-treatment with ARS and SAHA decreased cell viability more potently than treatment with each drug alone. Combination index (CI) values were calculated to determine the interaction between ARS and SAHA by using Compusyn software (version 1.0). CI values \< 0.9 indicate synergism, CI values \< 0.5 indicate strong synergism, CI values of 0.9--1.1 indicate an additive effect, and CI values \> 1.1 indicate antagonism. Combination index analysis showed that there was a synergistic or strong synergistic effect between ARS and SAHA at most of the tested concentrations ([Fig. 1](#fig1){ref-type="fig"}A).Figure 1ARS and pan-HDACi synergistically induce cell death in solid cancer cells. (A)--(B) Effects of ARS, SAHA (A) or LBH-589 (B) and combinations of the two compounds on the cell viability of Huh-7 and Hep3B hepatocellular cancer cells, HCT116 colorectal cancer cell, A549 lung cancer cells and PANC-1 pancreatic cancer cell, as measured by MTT assay after 72 h treatment. Error bars represent SD of triplicate experiments. CI values were calculated using Compusyn software for the ARS and HDACi concentrations used in the MTT assay. (C)--(D) Representative microphotographs of Huh-7 and Hep3B cells after receiving with ARS (20 μmol/L), SAHA (2 μmol/L) (C) or LBH-589 (25 nmol/L) (D) and combination treatment for 48 h respectively. Extensive cell death, swollen cells with large bubbles commonly seen after treatment with both agents. Scale bars = 40 μm. (E)--(F) Flow cytometric analysis of Hep3B cells treated with vehicle control, ARS (20 μmol/L), SAHA (2 μmol/L) (E) or LBH-589 (25 nmol/L) (F) and the combination as indicated for 48 h. Cell death was analyzed by annexin V/PI assay.Figure 1

To further confirm the effect of SAHA was due to its HDAC inhibitory activity, another pan-HDACi, panobinostat (LBH589) was used. Similarly, the results showed that ARS in combination with LBH589 synergistically reduced cell viability in Huh-7, Hep3B, A549 and PANC-1 cells ([Fig. 1](#fig1){ref-type="fig"}B and [Fig. S1B](#appsec1){ref-type="sec"}).

We noticed that, combined treatment with ARS and SAHA or LBH589 displayed extensive cell death, characterized by swollen cells with membrane blowing large bubbles, favoring necrotic features ([Fig. 1](#fig1){ref-type="fig"}C and D). Annexin V/PI assay was employed to quantify cell death in Hep3B cells treated with ARS, HDACi or combination of the two compounds for 48 h ([Fig. 1](#fig1){ref-type="fig"}E and F). As shown in [Fig. 1](#fig1){ref-type="fig"}E, 64.9% of the cells exhibited dying following combination treatment, while monotherapy with either compound caused fewer dying cells (19.2% of the ARS-treated cells, 17.6% of the SAHA-treated cells). Most of the dying cells in combination treatment group were annexin V-positive/PI-positive, whereas, the annexin V-positive/PI-negative cells were rarely detected ([Fig. 1](#fig1){ref-type="fig"}E and F). Furthermore, caspase-3 activation and PARP cleavage as well as gasdermin E (GSDME) cleavage[@bib42], an indicator of pyroptosis that triggered by activated caspase-3, were not obviously increased in the combination treated cells (data not shown). These data indicated that apoptosis as well as pyroptosis was unlikely the major form of cell death caused by the combination therapy. We also observed that combination therapy induced much more ROS generation compared to monotherapy ([Fig. S1C](#appsec1){ref-type="sec"}). This data indicated that increased ROS generation might at least partially account for enhanced efficacy of combination therapy.

In humans, 18 isoforms of HDACs have been recognized and are classified into four groups, including class I (HDAC-1, -2, -3, and -8), class II (HDAC-4, -5, -6, -7, and -9), class III (sirtuins 1--7), and class IV (HDAC-11)[@bib43]. To verify which HDAC isoforms might be critical for the synergistic effect between ARS and HDACi, we tested several isoform-selective inhibitors, including romidepsin (inhibitor of HDAC-1 and HDAC-2), CI994 (inhibitor of HDAC-1--HDAC-3) and tubastatin A (inhibitor of HDAC-6). We found that romidepsin, to a lesser extent, CI994, potentially enhanced Hep3B cells sensitivity to ARS ([Fig. 2](#fig2){ref-type="fig"}A and [Fig. S1D](#appsec1){ref-type="sec"}), while tubastatin A addition did not show additional efficacy. The synergistic manner of ARS and romidepsin was also observed in two non-small cell lung cancer cell lines, A549 and H1975 ([Fig. 2](#fig2){ref-type="fig"}B). In agreement with pan-HDACi, romidepsin also induced more cell death upon ARS treatment ([Fig. 2](#fig2){ref-type="fig"}C and D; [Fig. S1E](#appsec1){ref-type="sec"}). The findings suggested that HDAC-1and HDAC-2 inhibition might be were effective to sensitize tumor cells to ARS.Figure 2Effect of HDAC isoform specific inhibitors on the cytotoxicity of ARS. (A) Cell viability of Hep3B cells treated with romidepsin (left), CI994 (middle) or tubastatin A (right) in combination with ARS. MTT assay were performed after 72 h treatment. Error bars represent SD of triplicate experiments. CI values are shown below the corresponding concentrations. (B) Romidepsin synergizes with ARS to inhibit A549 (left) and H1975 (right) cells. CI values were calculated as shown. (C) Representative microphotographs of Hep3B cells treated with ARS (20 μmol/L), romidepsin (5 nmol/L) and combination for 48 h (scale bars 40 μm). (D) Flow cytometric analysis of cell death of Hep3B cells treated with vehicle control, ARS (20 μmol/L), romidepsin (5 nmol/L) or the combination for 48 h by annexin V/PI assay.Figure 2

3.2. Heme synthesis is required for the synergistic antitumor activity of ARS and HDACi {#sec3.2}
---------------------------------------------------------------------------------------

To test our hypothesis that HDACi increase tumor cell sensitivity to ARS by inducing heme biosynthesis, we firstly need to confirm the relationship between heme synthesis and ARS. Though a couple of previous studies indicated that heme mediated the cytotoxicity of ARTs, by using chemical modulators involved in heme biosynthesis pathway. While some other investigations pointed the intracellular none-heme Fe^2+^ that mediated the antitumor activity of ARTs. Therefore, re-evaluation of the role of heme synthesis in antitumor action of ARS was required.

We took hepatocellular cancer cell Huh-7 and Hep3B cells as examples to assess the cytotoxicity of ARS in the presence or absence of exogenous molecules that promote or block the heme synthesis pathway ([Fig. 3](#fig3){ref-type="fig"}A and B). Notably, treatment of SA, an ALAD inhibitor, markedly rescued the viability of the cancer cells after ARS treatment ([Fig. 3](#fig3){ref-type="fig"}A). Meanwhile, increasing heme synthesis by addition of ALA or PpIX increased ARS-induced cytotoxicity ([Fig. 3](#fig3){ref-type="fig"}A). To further confirm this, SA was co-treated with ALA in the presence of ARS in both Huh-7 and Hep3B cells, and the results showed that SA completely countered the cytotoxicity-enhancing effect of ALA ([Fig. 3](#fig3){ref-type="fig"}A).Figure 3Cytotoxicity of ARS depends on heme synthesis. (A) Huh-7 cells (left) and Hep3B cell (right) were exposed to various concentrations of ARS (0, 5, 10, 20, 40 and 80 μmol/L) alone or in combination with ALA (1 mmol/L), PpIX (5 μmol/L) or succinyl acetone (SA, 0.5 mmol/L) for 48 h followed by CCK-8 assay. Error bars represent SD of quadruplicate experiments. (B) Schematic representation of heme biosynthetic pathway and its exogenous modulators. (C) Hep3B cells were transfected with lentiCRISPR-sgRNA-ALAD or mock and *ALAD* knockdown was verified by Western blot assay. (D) *ALAD* knockdown cells and mock cells in the presence or absence of 0.5 mmol/L SA were treated with 0.5 mmol/L ALA or vehicle for 4 h for whole cell heme measurement (*n* = 4). (E) Cell viability was determined by CCK-8 assay after 72 h treatment with ARS as indicated. Error bars represent SD of triplicate experiments. Asterisks, *ALAD* KD *vs* Mock; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 (Student\'s *t*-test). (F) Western blot analysis of ALAD in Hep3B parental cells, WT and KO clones. Western blot shows ALAD detection from one of three independent experiments. (G) *ALAD* KO cells, WT cells and parental cells were administered with 0.5 mmol/L ALA for 4 h for whole cell heme measurement (*n* = 3). (H) Cell viability was measured by MTT assay after 72 h treatment with ARS as indicated. Error bars represent SD of triplicate experiments. Asterisks, KO *vs* WT; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 (Student\'s *t*-test). (I) *ALAD* KO cells and WT cell were treated with various concentrations of ARS alone or in combination with ALA (1 mmol/L) for 48 h. Cell viability was performed by CCK-8 assay. Error bars represent SD of triplicate experiments.Figure 3

Considering that SA might have some nonspecific effects, we disrupted *ALAD* using CRISPR/Cas9 technology in Hep3B cells (Supporting Information [Fig. S2A](#appsec1){ref-type="sec"}). We firstly analyzed the CRISPR-mediated *ALAD* knockdown (KD) cells. Results from Western blot assay showed that ALAD was efficiently knocked down ([Fig. 3](#fig3){ref-type="fig"}C). As expected, exogenous ALA induced heme synthesis was dramatically attenuated in *ALAD* KD cells, similar to the effect of SA ([Fig. 3](#fig3){ref-type="fig"}D). Importantly, a marked reduction in ARS cytotoxic activity was observed in Hep3B KD cells ([Fig. 3](#fig3){ref-type="fig"}E and [Fig. S2B](#appsec1){ref-type="sec"}). To exclude the influence of growth rate, the effects of ARS were also examined in the absence of serum, though no obvious difference in cell viability was observed within four days ([Fig. S2C](#appsec1){ref-type="sec"}). In agreement with the results in [Fig. 3](#fig3){ref-type="fig"}E, cytotoxic activity of ARS was also significantly blocked in KD cells in the absence of serum ([Fig. S2D](#appsec1){ref-type="sec"}).

We next isolated two *ALAD* knockout (*ALAD* KO) clones from Hep3B cells that showed complete loss of ALAD protein expression as well as two clones that had undergone the selection for CRISPR-sgRNA transfection but lacked deletion of *ALAD*, and hence they expressed wild-type (WT) ALAD as their parental cells that remained intact ([Fig. 3](#fig3){ref-type="fig"}F). *ALAD* null clones exhibited similar growth rate with control cells during the observation period ([Fig. S2E](#appsec1){ref-type="sec"}). However, functionally, *ALAD* null clones lost exogenous ALA induced heme generation ([Fig. 3](#fig3){ref-type="fig"}G). Importantly, loss of *ALAD* completely rescued the viability of Hep3B cells after ARS treatment alone or in the presence of ALA ([Fig. 3](#fig3){ref-type="fig"}H and I). All these data demonstrate that ARS-induced cytotoxicity is dependent on heme synthesis and increasing heme synthesis could enhance the cytotoxicity of ARS.

Then, we decided to identify whether heme synthesis is involved in the synergistic effect of ARS and HDACi, SA was applied in the presence or absence of ARS, HDACi and the combination treatment. We found that SA significantly rescued the viability of tumor cells exposed to the combination of ARS and HDACi ([Fig. 4](#fig4){ref-type="fig"}A and B). Consistently, reduced cell death was observed in SA rescued group ([Fig. 4](#fig4){ref-type="fig"}C and D). More importantly, we noticed that the viability of tumor cells exposed to the combination of ARS, HDACi and SA was almost equivalent to that of cells exposed to the combination of HDACi and SA in all the tested solid tumor cell lines ([Fig. 4](#fig4){ref-type="fig"}A and B; Supporting Information [Figs. S3A and B](#appsec1){ref-type="sec"}). As the schematic diagram showed ([Fig. 4](#fig4){ref-type="fig"}E), these results indicated that the synergistic antitumor effect of ARS and HDACi mainly relied on heme biosynthesis. Consistently, *ALAD* knocking down or deletion showed the similar effect to SA treatment ([Fig. 4](#fig4){ref-type="fig"}F and G; [Figs. S3C--E](#appsec1){ref-type="sec"}). Annexin V/PI assay further confirmed that blocking heme synthesis in *ALAD* KO cells completely abrogated the increased cell death induced by combination treatment with ARS and LBH589 ([Fig. 4](#fig4){ref-type="fig"}H).Figure 4Synergistic antitumor effect of ARS and HDACi relies on heme synthesis. (A)--(B) Huh-7 cells (left) and Hep3B cell (right) were exposed to ARS, HDACi \[SAHA for (A); LBH589 for (B)\] or their combination in the presence or absence of SA (0.5 mmol/L) for 72 h. Cell viability was measured by MTT assay. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 (Student\'s *t*-test). (C)--(D) Images of Huh-7 cells (up) and Hep3B cells (down) treated with the combination of ARS (20 μmol/L) and SAHA (2 μmol/L) (C) or LBH-589 (25 nmol/L) (D) with or without SA (0.5 mmol/L) (scale bars 40 μm). (E) Schematic representation of anti-tumor effect of combination treatment with ARS and HDACi in the presence or absence of SA. (F)--(G), *ALAD* knockout clones or WT cells were treated with 20 μmol/L of ARS or HDACi \[2 μmol/L of SAHA for (F) and 25 nmol/L LBH589 for (G)\] or the combination for 72 h (F) or 48 h (G) and cell viability was measured. (H) *ALAD* deletion blocked the combination treatment of ARS (20 μmol/L) and LBH589 (25 nmol/L) induced cell death.Figure 4

3.3. ARS and HDACi synergistically increase ALAS1 expression {#sec3.3}
------------------------------------------------------------

In mammalian cells, heme biosynthesis is mediated by a series of enzymes ([Fig. 3](#fig3){ref-type="fig"}B). We first assessed the expression levels of the key enzyme ALAS1. Interestingly, we observed that ALAS1 protein was markedly increased after ARS treatment for 24 h, and it increased even more upon combination treatment with ARS and SAHA ([Fig. 5](#fig5){ref-type="fig"}A and Supporting Information [Fig. S4A](#appsec1){ref-type="sec"}). Whereas, SAHA alone treatment only slightly increased it ([Fig. 5](#fig5){ref-type="fig"}A and [Fig. S4A](#appsec1){ref-type="sec"}). Similar results were achieved with ARS and LBH589 combination treatment ([Fig. 5](#fig5){ref-type="fig"}B and [Fig. S4B](#appsec1){ref-type="sec"}). To confirm that the upregulation of ALAS1 was not the transit effect, a time course of ALAS1 protein levels was analyzed. As shown in [Fig. 5](#fig5){ref-type="fig"}C, ALAS1 started to increase at 2 h treatment with ARS alone or in combination with LBH589 and further increased afterwards. Notably, the combination treatment with ARS and LBH589 induced more ALAS1 than that induced by ARS alone treatment, which was more pronounced after 6 h treatment. Nevertheless, LBH589 alone treatment appeared minor increase in ALAS1. Real-time PCR analysis revealed that HDACi alone treatment as well as ARS alone treatment seems only slightly increased the mRNA level of *ALAS1*, while combination treatment significantly enhanced it ([Fig. 5](#fig5){ref-type="fig"}D). These results indicated that an increase in ALAS1 protein in combination treatment group probably attributed to combination treatment-induced *ALAS1* transcription together with ARS-induced upregulation of ALAS1 protein likely by post-transcriptional modification.Figure 5HDACi synergizes with ARS to induce ALAS1 expression. (A)--(B) Western blot validation of heme biosynthetic enzyme ALAS1 in Huh-7 cell and Hep3B cell in the absence and presence of ARS, HDACi \[SAHA (A) or LBH589 (B)\], or both treatment for 24 h. *β*-Actin served as loading control. (C) Time courses of ALAS1 of Hep3B cell received ARS, LBH589, or both treatments. The values under each blot are the ALAS1 expression relative to controls at the same time taken as 1 after normalization by *β-*actin. (D) Real-time PCR was performed for *ALAS1* of Huh-7 cell and Hep3B cell in the absence (normalized as 1) and presence of ARS, HDACi (SAHA or LBH589), or both treatment for 24 h. (E) Hep3B cells were transiently transfected with three ALAS1 siRNA or control siRNA (si NC) or remained untreated (control). Knock down efficiency of *ALAS1* was examined by Real-time PCR analysis (upper) and Western blot assay (lower). GAPDH served as loading control. (F) Hep3B cells were treated with siRNA as described for (E) 24 h prior to administrate with ARS, SAHA or the combination as indicated for 48 h. Cell viability was measured by MTT assay. (G)--(H) Huh-7 cells were treated as described for (E) and (F). *ALAS1* knockdown significantly blocked synergistic antitumor effect of ARS and SAHA. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 (compared as indicated), ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 (compared with si NC group treated with ARS), ^†^*P* \< 0.05, ^††^*P* \< 0.01, ^†††^*P* \< 0.001 (compared with si NC group treated with ARS + SAHA) (Student\'s *t*-test).Figure 5

To identify whether the synergistic upregulation of ALAS1 mediated the synergistic antitumor activity of ARS and HDACi, *ALAS1* was knocked down by siRNA in Hep3B cells. Knockdown efficiency was examined by real-time PCR and Western blot assay ([Fig. 5](#fig5){ref-type="fig"}E). *ALAS1* knockdown significantly rescued the viability of Hep3B cells after ARS treatment ([Fig. 5](#fig5){ref-type="fig"}F). More importantly, the synergistic antitumor effect of ARS and SAHA seen in control and si NC groups was significantly attenuated in the *ALAS1* knockdown groups ([Fig. 5](#fig5){ref-type="fig"}F). Similar results were obtain in Huh-7 cells ([Fig. 5](#fig5){ref-type="fig"}G and H). These results demonstrated an important role of ALAS1 upregulation in mediating synergistic antitumor effect of ARS and HDACi.

We then examined other enzymes involved in heme biosynthesis. HMBS and FECH were not apparently influenced by either ARS, or HDACi or combination treatment either at the protein levels or mRNA levels (Supporting Information [Fig. S5A--C](#appsec1){ref-type="sec"}). Moreover, both the protein and mRNA levels of ALAD were slightly decreased by ARS treatment, but significantly increased upon HDACi treatment as well as combination treatment [(Fig. S5A, E and F)](#appsec1){ref-type="sec"}. Since ALAD is the redundant protein in cells, it was unlikely that its increment would influence heme production and consequently cell sensitivity to ARS. We also assessed the expression status of ALAS2. Compared to *ALAS1*, mRNA level of *ALAS2* is very low in Huh-7 cells and ARS, SAHA and combination treatment did not apparently altered it ([Fig. S5G](#appsec1){ref-type="sec"}). To confirm this, another two pairs of *ALAS2* primers were used to detect *ALAS2* mRNA levels in Huh-7, Hep3B and HCT116 cells and similar results were observed (data not shown). Interestingly, ALAS2 protein was apparently detected in Huh-7 ([Fig. S5H](#appsec1){ref-type="sec"}), Hep3B and HCT116 cells (data not shown). Yet, the protein levels were not altered after ARS, or SAHA or combination treatment ([Fig. S5H](#appsec1){ref-type="sec"}).

We next sought to understand the following issues: (i) Why did ARS alone treatment largely increase the protein levels of ALAS1? (ii) Why did HDACi alone not apparently enhance *ALAS1* transcription but dramatically increase ALAS1 at both mRNA and protein levels when combined with ARS?

3.4. ARS consumed "free heme" and upregulates ALAS1 by negative feedback {#sec3.4}
------------------------------------------------------------------------

Previous investigations have documented that ALAS1 is undergone the negative feedback regulation by heme. On the other hand, ARTs are thought to react with heme to form covalent heme--artemisinin adducts or some other intermediate[@bib44], [@bib45]. Thus, we presumed that ARS might react with cellular "free heme" to form heme--ARS adduct, resulting in reduction in free heme. Loss of free heme diminished the repression of ALAS1 expression, and thus more ALAS1 would be expressed to compensate consumed free heme. Consistent to our hypothesis, exogenous ALA or PpIX-induced free heme was significantly reduced after ARS treatment ([Fig. 6](#fig6){ref-type="fig"}A and Supporting Information [Fig. S6](#appsec1){ref-type="sec"}). Moreover, ARS substantially overcame exogenous PpIX-induced repression of ALAS1 expression ([Fig. 6](#fig6){ref-type="fig"}B). In contrast, ARS could not further increase ALAS1 in the presence of SA ([Fig. 6](#fig6){ref-type="fig"}C). Together, ARS treatment decreased the levels of "free heme", resulting in upregulation of ALAS1 protein by negative feedback regulation.Figure 6ARS consumed cellular heme and facilitated HDACi to stably induce synergistic increase in ALAS1 expression. (A) Huh-7 cell (left) and Hep3B cell (right) were pretreated with or without ARS (20 μmol/L) for 12 h, followed with 100 μmol/L ALA in serum free medium or 1 μmol/L PpIX treatment for another 4 h. Heme was measured with the cell lysate. *n* = 3--4, ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.01 (Student\'s *t*-test). (B) Representative Western blot analysis of ALAS1 in Hep3B cells treated with various concentration of PpIX in the absence or presence of ARS. (C) The protein levels of ALAS1 in Hep3B cell treated with ARS or SAHA in the absence or presence of SA (0.5 mmol/L). (D) Hep3B cells receiving LBH589 as indicated, in the absence or presence of SA were subjected to Western blot validation of ALAS1. (E)--(F) Hep3B WT and *ALAD* KO cells were treated with concentrations of SAHA (E) or LBH589 (F) as indicated for 24 h and the amounts of ALAS1 and ALAD were analyzed by Western blot assay. (G) Time course of mRNA level of *ALAS1* in Huh-7 cells and Hep3B cells treated with SAHA (4 μmol/L), SA (0.5 mmol/L) or both. (H) Western blot validation of ALAS1 in Hep3B cells treated with SAHA (5 μmol/L), in the absence or presence of SA (0.5 mmol/L) or PpIX (1 μmol/L) or both. (I) HDACi promoted ALA biosynthesis in Huh-7 cells. After 24 h treatment with SAHA (5 μmol/L) or LBH-589 (0.5 μmol/L), cells were lysed for ALA measurement. (J) HDACi promoted heme biosynthesis. Hep3B cells were administrated with ARS, SAHA or the combination in the presence or absence of SA.Figure 6

3.5. HDACi sustainably induce ALAS1 transcription only when the negative feedback regulation is weakened or inhibited {#sec3.5}
---------------------------------------------------------------------------------------------------------------------

Interestingly, despite HDACi alone caused negligible upregulation of ALAS1 protein, in the presence of SA, HDACi dramatically enhanced ALAS1 protein levels ([Fig. 6](#fig6){ref-type="fig"}C and D). Consistently, HDACi markedly increased ALAS1 protein levels in Hep3B *ALAD* KO cells, but not in Hep3B WT cells ([Fig. 6](#fig6){ref-type="fig"}E and F). These data indicated that ALAS1 might be regulated by HDAC. To further confirm this, a time course experiment was performed to detect the transcript of *ALAS1*. We found that, upon SAHA treatment, the mRNA levels of *ALAS1* increased within 2 h and plateaued between 6 and 10 h, then went down to the baseline at about 24 h in Huh-7 cell as well as in Hep3B cell ([Fig. 6](#fig6){ref-type="fig"}G). These results illustrated that HDACi indeed induced ALAS1 expression initially, but later on this effect seemed to be overcome by negative feedback regulation. However, when SA was present, the negative feedback regulation was weakened or inhibited through SA-mediated blockade of heme synthesis. In this case, SAHA induced and maintained the high expression levels of *ALAS1* ([Fig. 6](#fig6){ref-type="fig"}G). Conversely, when exogenous PpIX was added, a strong repression of ALAS1 expression by negative feedback regulation occurred, and in this case SAHA was insufficient to upregulate ALAS1 expression no matter whether SA was present or not ([Fig. 6](#fig6){ref-type="fig"}H). Together, we propose that HDACi synergizes with ARS to induce ALAS1 expression as heme-consuming ARS weakens heme-induced negative feedback repression of ALAS1.

3.6. HDACi promotes ALA and heme biosynthesis {#sec3.6}
---------------------------------------------

Given the fact that ALAS1 catalyzes the production of ALA, we further measured the amount of ALA. The endogenous ALA was below the detection range of our assay, while addition of SA caused dramatic accumulation of ALA (data not shown). We found that LBH589 and SAHA markedly enhanced ALA content in the presence of SA ([Fig. 6](#fig6){ref-type="fig"}I). To further verify whether this enhancement of ALA would contribute to heme synthesis, we examined the heme production. Notably, we observed a slight but significant increase in heme levels after SAHA treatment ([Fig. 6](#fig6){ref-type="fig"}J). Not surprisingly, ARS somewhat countered the effect of SAHA ([Fig. 6](#fig6){ref-type="fig"}J). Collectively, these results revealed that HDACi promoted ALA production and consequently heme synthesis. On the other hand, ARS reduced the amount of SAHA-induced heme, consistent with the above data showing that ARS caused consumption of "free heme".

3.7. Combination treatment with ARS and SAHA reduces tumor growth rate on xenograft tumor in mice {#sec3.7}
-------------------------------------------------------------------------------------------------

Having demonstrated the synergistic antitumor activity of ARS and SAHA in various tumor cell lines, we further determined this effect *in vivo*. HCT116 cells and Hep3B cells were subcutaneously injected in nude mice to establish tumor xenograft. Nude mice bearing tumor xenografts were randomized to the respective treatment groups and tumor sizes were measured. The mice were treated daily by intragastrical administration of ARS (50 mg/kg) and/or SAHA (50 mg/kg) for 3 weeks. As noted, the combination therapy inhibited colorectal tumor growth by 57.6% while the single SAHA treatment only inhibited the tumor growth by 22.6% and single ARS treatment showed no apparent antitumor effect ([Fig. 7](#fig7){ref-type="fig"}A and B). Mice receiving single agent or combination treatment didn\'t yield body weight loss ([Fig. 7](#fig7){ref-type="fig"}C), indicating that the drugs at the tested dosage were safe. For the liver tumor, similarly, the mean tumor size of combination treatment was significantly reduced compared with vehicle or single-agent treatment groups ([Fig. 7](#fig7){ref-type="fig"}D). No apparent toxic effect on body weight was found in all the treated groups ([Fig. 7](#fig7){ref-type="fig"}E). These results indicated that the combination treatment exhibited a greater anti-tumor effect in xenografts *in vivo* than the single-agent treatment group with no obvious toxicity.Figure 7Combination treatment with ARS and SAHA reduces the tumor growth rate in xenograft models. (A)--(B) Mice transplanted with HCT116 human xenografts were treated daily for 20 days with vehicle, ARS (0.5 mg/kg); SAHA (50 mg/kg) or both agents. Tumor volumes are expressed as mean and SD (*n* = 10--12). A photograph of representative HCT116 tumors excised from the mice with last treatments (B). (C) Body weight of each group is presented as mean and SD (*n* = 10--12). (D)--(E) Nude mice bearing Hep3B tumor were treated as (A) for 21 days. Tumor size (D) and body weight (E) are expressed as mean and SD (*n* = 7). Statistical differences of tumor volume were calculated toward the end treatment. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 (Student\'s *t*-test).Figure 7

4. Discussion {#sec4}
=============

Heme is an essential molecule to all eukaryotic cells, and its levels in cancer cells are much higher than in normal cells[@bib6], [@bib7]. The purpose of this study was to explore a combinatory therapeutic approach to solid tumors with non-erythrocyte nature through modulating heme synthesis pathway.

The antimalarial drugs, artemisinin and its derivatives (ARTs) exhibited heme-dependent antitumor activity. Heme is considered as the activator of ARTs as ferrous iron-containing heme can cleave the endoperoxide moiety of ARTs, resulting in tumor-killing radicals such as carbon centered radicals and ROS[@bib10], [@bib11], [@bib46]. Moreover, the non-heme iron could also trigger the activation of ARTs[@bib47], [@bib48]. In the present study, by using heme synthesis modulators (*e*.*g*., ALA, PpIX, SA) together with *ALAD* knockdown and knockout cells, we provided convincing evidence that heme biosynthesis was required for the cytotoxicity of ARS, further supporting the important role of heme in activating ARTs.

HDAC inhibition has been reported to increase heme content *via* a significant increase in *ALAS2* gene transcripts in erythroid cells[@bib49], [@bib50], [@bib51]. Nevertheless, the effect of HDACi on heme synthesis as well as ALAS1 expression in non-erythrocytes remains elusive. We found that, in solid tumor cells, HDACi initially significantly promoted *ALAS1* transcription, but later on the mRNA levels of *ALAS1* declined to basal levels. This declining was supposed to be mediated by negative feedback regulation by heme. Actually, a slight but significant increase in heme levels was observed in the presence of HDACi, and more importantly, when negative feedback regulation was blocked by SA or *ALAD* deletion, HDACi stably increased *ALAS1* transcription and subsequent increased ALAS1 protein.

Combination treatment with ARS and pan-HDACi (SAHA and LBH589), as well as isoform specific HDACi (romidepsin) exerted synergistic antitumor activity by inducing cell death *in vitro*. Zhang et al[@bib30]. observed that HDACi facilitated DHA-induced apoptosis in hepatocellular cancer cells, and proposed a mechanism involving altered ERK phosphorylation and MCL-1 expression. However, our mechanical studies revealed that, HDACi coordinated with ARS to promote ALAS1 expression, and subsequent heme generation, leading to enhanced cytotoxicity of ARS. As mentioned above, HDACi alone treatment could not stably increase *ALAS1* transcription because of the negative feedback repression by heme. However, during the combination treatment, ARS consumed the "free" heme by forming heme-ARS adducts and attenuated the feedback repression of ALAS1, which facilitated HDACi to sustainably increase ALAS1 expression. As noticed, ARS alone treatment increased ALAS1 protein contents. This phenomenon was mainly owing to the removal of heme\'s inhibitory effect on ALAS1 probably through post-transcriptional regulation, as the levels of *ALAS1* mRNA were only negligibly increased. Anyway, the increased ALAS1 protein contents by ARS treatment to compensate the consumed heme seemed not sufficient or might not reach the threshold for the cytotoxicity of ARS in most tumor cells, as the antitumor activity of ARS alone was low both *in vitro* and *in vivo*. However, HDACi in combination with ARS further dramatically increased ALAS1 protein levels by promoting *ALAS1* transcription, leading to significantly enhanced tumor cell sensitivity to ARS ([Fig. 8](#fig8){ref-type="fig"}).Figure 8Schematic representation of HDACi synergizing with ARS to combat against tumor cell through elevated heme synthesis *via* synergistic upregulation of ALAS1 expression.Figure 8

The results of *in vivo* study on xenograft models showed that ARS monotherapy did not significantly inhibit tumor growth, which was different from the study results from some of the literature reports[@bib46], [@bib52]. This might be due to the different drug delivery, as we used intragastric administration, while others mainly used intraperitoneal injection administration[@bib46], [@bib52]. Studies from Chou group[@bib53] also showed no significant tumor growth retardation effect of DHA when oral administrated. It is supposed that increase in dosage of ARS or change in delivery may improve the antitumor efficacy, as low bioavailability and short elimination half-life of ARTs were found after oral administration in animals[@bib54]. Notably, the combination treatment with ARS and SAHA reduced the tumor size in a higher extent than vehicle or single-agent treatment group, which is in accordance with the previous study[@bib30]. In the course of our research, Wang et al[@bib46]. reported that ART and the heme precursor ALA combination enhanced anti-colorectal cancer activity, which is consistent with our findings.

5. Conclusions {#sec5}
==============

In conclusion, the present study demonstrates that the combination treatment with HDACi and ARS exhibits synergistic antitumor effect in various cancer cells *in vitro* and in xenograft models. Mechanical studies reveal that the synergistic upregulation of ALAS1 by HDACi and ARS modulates the intracellular heme homeostasis which mediates enhanced tumor cell sensitivity to ARS. This finding promotes the conception that drugs that can increase heme synthesis or ALAS1 protein levels may have the potential to enhance anticancer efficacy of ARTs. Moreover, this combination treatment approach may explore the clinical utility of HDACi in treating solid tumors. Collectively, we have proposed and verified a promising therapeutic approach to solid tumors based on modulating heme synthesis by the combination of ARTs with heme synthesis modulators such as HDACi.
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==================================
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